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Abstract 

DNA-damage tolerance (DDT) is defined as a mechanism by which eukaryotic cells resume DNA synthesis to fill the single- 
stranded DNA gaps left by replication-blocking lesions. Eukaryotic cells employ two different means of DDT, namely 
translesion DNA synthesis (TLS) and template switching, both of which are coordinately regulated through sequential 
ubiquitination of PCNA at the K164 residue. In the budding yeast Saccharomyces cerevisiae, the same PCNA-K164 residue 
can also be sumoylated, which recruits the Srs2 helicase to prevent undesired homologous recombination (HR). While the 
mediation of TLS by PCNA monoubiquitination has been extensively characterized, the method by which K63-linked PCNA 
polyubiquitination leads to template switching remains unclear. We recently identified a yeast heterotetrameric Shu 
complex that couples error-free DDT to HR as a critical step of template switching. Here we report that the Csm2 subunit of 
Shu physically interacts with Rad55, an accessory protein involved in HR. Rad55 and Rad57 are Rad51 paralogues and form a 
heterodimer to promote Rad51-ssDNA filament formation by antagonizing Srs2 activity. Although Rad55-Rad57 and Shu 
function in the same pathway and both act to inhibit Srs2 activity, Shu appears to be dedicated to error-free DDT while the 
Rad55-Rad57 complex is also involved in double-strand break repair. This study reveals the detailed steps of error-free lesion 
bypass and also brings to light an intrinsic interplay between error-free DDT and Srs2-mediated inhibition of HR. 
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Introduction 

It is vital for living organisms to protect their genomic integrity 
from a variety of endogenous and exogenous DNA damage. In 
Saccharomyces cerevisiae, Rad6 and Radl8 form a stable E2-E3 
complex considered to initiate a pathway traditionally named 
DNA post-replication repair (PRR). As genes falling into the RAD6 
epistasis group function to bypass replication blocks instead of the 
actual removal of the lesions encountered, this pathway has been 
renamed DNA-damage tolerance (DDT) [1]. DDT is defined as a 
survival mechanism to deal with stalled replication forks in the 
presence of DNA damage, and has been revealed to consist of two 
parallel branches, error-free and error-prone lesion bypass [2,3,4]. 

Activation of DDT and the regulation of either error-free or 
error-prone lesion bypass is achieved via sequential modifications 
of proliferating cell nuclear antigen (PCNA) [5]. In the budding 
yeast, PCNA is encoded by the POL30 gene and forms a 
homotrimer to anchor on the DNA like a sliding clamp [6] . When 
PCNA encounters a replication block, its K164 residue is 
monoubiquitinated by the Rad6-Radl8 complex [5], which 
facilitates error-prone translesion synthesis (TLS) represented by 
PolT| (Rad30), Revl and Poli; (consisting of Rev3 and Rev7 
subunits) [7,8,9]. When the monoubiquitinated PCNA is further 
polyubiquitinated by the Rad5-Ubcl3-Mms2 E2-E3 complex via 



the formation of a K63-linked polyUb chain, it is thought to 
promote error-free lesion bypass [5]. Unlike TLS, little is known 
about how the error-free DDT pathway operates [10]. It has been 
well accepted that the error-free DDT branch can restore the 
original information via homologous recombination (HR) by using 
an intact sister chromatid as a template [4,11,12], but the detailed 
molecular cascade is largely missing. 

A key protein for homologous recombination (HR) in eukary- 
otes including budding yeast is Rad51, a RecA-like protein 
[13,14]. In order for strand invasion to take place and HR to 
proceed, Rad5 1 must replace replication protein A (RPA) with the 
help of Rad52 from single-stranded DNA (ssDNA) overhangs and 
form a nucleoprotein filament [15,16,17]. In the absence of 
replication-blocking lesions, PCNA can be covalendy modified at 
the K164 residue by a small ubiquitin-like modifier (SUMO), 
which recruits Srs2 [18,19], a putative anti-recombinase, and 
suppresses HR by releasing Rad51 from ssDNA [20,21,22]. 

Rad55 and Rad57 are two Rad51 paralogues and function as a 
heterodimer to promote DNA strand exchange by Rad51 
recombinase [23] and protect the Rad51 filament from the 
invasion of Srs2 [24] . Csm2 and Psy3 are also regarded as Rad5 1 
paralogues and form a heterodimer as well; they share little 
sequence homology with Rad51 but have a similar structure 
[25,26]. Interestingly, components of the Shu complex have been 
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reported to have an Srs2-inhibiting function [27]. Like other HR 
proteins, mutations in the Shu complex can suppress the top3A 
slow growth and DNA damage sensitivity phenotypes [28,29] . It 
has been well established that the Shu complex plays an important 
role in recruiting HR proteins into the error-free DDT [30]. 
However, how this is achieved remains unclear. Here we report 
that the Shu complex fulfills its roles by recruiting the Rad55- 
Rad57 complex and the HR machinery to the DDT sites to 
complete error-free DDT. The similarities and differences 
between these two Rad5 1 paralogues are explored in this study. 

Results 

rad55 and rad57 are Epistatic to Shu 

We have previously demonstrated that the Shu complex is 
involved in error-free DDT and perhaps functions at an early stage 
[30]. Since at least two subunits of the Shu complex (Csm2 and 
Psy3) are thought to be Rad51 paralogues and the Rad55-Rad57 
complex is also a heterodimer of Rad51 paralogues, we 
hypothesized that these two complexes may confer redundant 
functions in facilitating HR. This hypothesis predicts that shu and 
rad.55had.57 mutations are synergistic in response to DNA 
damage. In order to determine the genetic interaction between 
shu and rad55/rad57, we examined the phenotypes of psy3 and 
rad55/rad57 single null mutants and their corresponding double 
mutants with respect to killing by the X-ray and y-ray mimetic 
agent methyl methanesulfonate (MMS). We used PST3 to 
represent SHU because it encodes a core protein of the complex 
that interacts with all three other components (Shul, Shu2 and 
Csm2). Indeed, mutating all four genes does not further enhance 
sensitivity to DNA damage [29,31]. The rad55lrad57 single 
mutants are more sensitive to MMS than psy3; surprisingly, the 
rad55/rad57 psy3 double mutants have the same sensitivity to 
MMS as the rad55/rad57 single mutants (Figure 1 and Figure Sin 
in File SI), indicating that the two genes, and by extension the Shu 
and Rad55-Rad57 complexes, function in the same pathway. To 
further this observation, we examined the genetic relationship 
between the two complexes in response to a variety of 
representative DNA-damaging agents. The psy3 mutant is slighdy 
more sensitive to UV and 4-nitroquinoline oxide (4NQO) than the 
wild-type cells, but less sensitive than the rad55 mutant (Figure 1). 
In contrast to rad55, the psy3 mutant does not display noticeable 
sensitivity to y-ray, suggesting that the Shu complex is not direcdy 
involved in repairing double-strand breaks (DSBs). In all cases, the 
rad55 psy3 double mutant is no more sensitive than the rad55 single 
mutant, suggesting that rad55 is epistatic to psy3, or the two 
complexes function in the same pathway in a lesion-independent 
manner. Hence, we infer from the above observations that both 
complexes are required for bypassing replication-blocking lesions. 



Both the Shu and Rad55-Rad57 Complexes Function in 
the Same Error-free DNA-damage Tolerance Pathway 

Genes involved in DDT are classified into two categories based 
on the phenotypes of their mutants. Mutants of genes in the first 
category show slight sensitivity to UV irradiation and other types 
of DNA damage, but their response to spontaneous and induced 
mutagenesis is compromised [32,33]. In contrast, mutants in the 
second category are mildly sensitive to DNA damage with an 
associated increase in spontaneous and induced mutagenesis 
[34,35,36]. It becomes clear that the first category genes belong 
to the error-prone TLS branch, while the second category genes 
function in error-free DDT [3,4]. 

In a trpl-289 reversion assay, p.sy3 shows a dramatically 
increased mutagenesis rate comparable to the mm.s2 mutant. 
Surprisingly, the spontaneous mutation rates in rad55 and rad57 
mutants are even higher than those in psy3 and mms2 (Figure 2A). 
More importantly, no additional increase is observed when rad55l 
rad57 mutation is combined with either psy3 (Figure 2A) or mms2 
(Figure 2B), indicating that these genes work in the same pathway 
to limit spontaneous mutagenesis. Like mms2 [35] and psy3 [30], 
the increased mutation rates in rad55/rad57 mutants are 
completely dependent on functional TLS, since once the REV3 
gene is deleted, the increased mutagenesis is completely abolished 
(Figure 2B). Hence, the Rad55-Rad57 complex acts in an error- 
free lesion bypass pathway whose inactivation channels lesions to 
the error-prone TLS pathway. 

A characteristic phenotype of error-free lesion bypass mutation 
is its synergistic interaction with the TLS pathway mutation [37]. 
To further examine whether RAD55 and RAD57 genes belong to 
the error-free DDT pathway, we performed a liquid killing 
experiment. As shown in Figure 3, the psy3 and rad55 mutants 
have similar levels of sensitivity to killing by MMS and the double 
mutant is as sensitive as the single mutant, suggesting that they 
function in the same pathway. The rev3 single mutant displays very 
moderate sensitivity; however, the psy3 rev3 double mutant is much 
more sensitive to killing by MMS than either of the single mutants, 
and the effect is synergistic. Strikingly, the rad55 rev3 double 
mutant is even more sensitive to MMS than the psy3 rev3 double 
mutant, and the synergism is nearly 10 6 -fold more than if the effect 
were simply additive. Similarly, rev3 is also synergistic with other 
HR pathway gene mutations known to carry out their functions 
downstream in the error-free branch of DDT (Figure S2 in File 
SI). Taken together, we conclude that like the Shu complex, the 
Rad55-Rad57 complex is also a component of error-free DDT 
and the two complexes function in the same pathway. 




Control 



0.004% MMS 0.06 ug/ml 4NQO SO J/m 2 UV 



10 Krad y-ray 



Figure 1. rad55\s epistasic to psy3 with respect to different DNA damage treatments. Cells grown overnight were spotted on YPD, YPD + 
MMS, or YPD + 4NQO at indicated concentrations by a tenfold serial dilution assay. For UV and y-ray irradiations, spotted plates were exposed to the 
radiation at indicated doses. The plates were then incubated at 30°C for 2 days before photography. For each type of DNA damage, several doses 
were applied and only one is presented in the figure. 
doi:1 0.1 371 /journal.pone.0081 371 .g001 
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Figure 2. Deletion of RAD55 or RAD57 causes a massive increase 
in spontaneous mutagenesis in a TLS-dependent manner. The 

spontaneous mutation rates are determined by a trp1-289 reversion 
assay in the DBY747 strain background. (A) rad55/rad57 is epistatic to 
psy3 with respect to spontaneous mutagenesis. mms2 and radSI 
mutants are included as references. (B) rad55/57 is epistatic to mms2 
with respect to spontaneous mutagenesis and the increased mutations 
are due to functional RE 1/3. The presented data were from an average of 
at least three independent experiments with standard deviations. 
Relative levels of mutation rates are given in the bottom of each graph, 
expressed as a multiple of the wild-type level. 
doi:1 0.1 371 /journal.pone.0081 371 .g002 

Physical Interaction between Shu and Rad55-Rad57 
Complexes via Csm2 and Rad55 

Error-free DDT utilizes HR to restore the original information 
by employing the newly synthesized undamaged sister chromatid 
as the template, but how the HR machinery is recruited to the 
stalled replication fork remains unclear. Since Shu and Rad55- 
Rad57 act in the same pathway and the Rad55-Rad57 complex is 
considered part of the recombinosome [38,39], we performed a 
systematic yeast two-hybrid assay between the Shu complex and 
HR proteins, and found that only Csm2 has a physical interaction 
with Rad55 as well as Rad5 1 (Figure 4A). Other Shu subunits do 
not interact with HR proteins (data not shown). From the matrix, 
we also notice that, as previously reported [31,39,40,41], Rad51 
can interact with all other HR proteins examined except Rad5 7 in 
one orientation, and Rad55 and Rad57 interact in both 
orientations consistent with a previous report that they function 




Minutes in 0.1% MMS 

Figure 3. rad55 is epistatic to psy3 and synergistic to rev3 with 
respect to MMS-induced killing. A time-course liquid-killing 
experiment was performed in the presence of 0.1% MMS as described 
in Materials and Methods. The results are the average of four 
independent experiments with standard deviations. 
doi:1 0.1 371/journal.pone.0081 371 .g003 

as a heterodimer [23]. In order to distinguish whether the 
interactions of Csm2-Rad55 and Csm2-Rad51 are dependent on 
each other, we carried out the yeast two-hybrid assay in the rad55 
or rad51 null mutant background and found that the interaction 
between Csm2 and Rad5 1 depends on Rad55, since when RAD55 
is deleted, no Csm2-Rad5 1 interaction can be detected (Figure 4B). 
In contrast, deletion of RAD51 does not appear to interfere with 
the Csm2-Rad55 interaction in the Y2H assay (Figure 4C). The 
above observations agree with a recent report [42] . W e noticed a 
slightly reduced growth of rad51 cells harboring CSM2 and RAD55 
genes cloned into the Y2H vectors compared with those of wild- 
type cells. It was unlikely due to variations in replication, since all 
independent colonies showed similar effects. One possible 
explanation is that the Csm2-Rad55 interaction is partially 
dependent on Rad5 1 . To further confirm the physical interaction 
between Csm2 and Rad55, we performed an in vivo coimmuno- 
precipitation experiment (Figure 4D), in which chromosomally 
integrated and GFP-tagged Csm2 is able to bind to GaM^o-tagged 
Rad55 (lanes 1 and 2), while in the same experiment, GFP-Csm2 
is unable to coimmunoprecipitate GaM-AD alone (lanes 3 and 4). 
Hence, this interaction appears to be Csm2-Rad55 specific. 

srs2 Suppresses rad55 Sensitivity to Ionizing Radiation 
but not Other Types of DNA Damage 

In addition to being ubiquitinated, PCNA can also be modified 
by a small ubiquitin-related modifier (SUMO) at K164, which 
provides a signal to recruit Srs2 to the replication fork to prevent 
the formation of the Rad51 protein filament on the ssDNA 
[18,19]. SRS2 was named because its mutant can suppress the 
sensitivity of the rad6 mutant to UV radiation [43] . Indeed, sr.s2 
null mutation causes a hyper-recombination effect when exposed 
to UV radiation, and the suppression of rad6 UV sensitivity is 
dependent on functional HR [20,44,45,46]. Both Rad55-Rad57 
and Shu complexes have been reported to be competitive and 
antagonistic with Srs2 [24,27]. The Shu complex physically 
interacts with Srs2 via Shu2 [40], and this interaction is also 
reported in Schizosaccharomyces pombe [47] . 

In this study, we confirmed a report [24] that srs2 can suppress 
the ionizing radiation (IR) sensitivity of the rad55 mutant (Figure 5). 
srs2 also appears to partially suppress rad55 sensitivity to UV. In 
contrast, the srs2 rad55 double mutant is as sensitive to MMS and 
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Figure 4. Physical interaction between Csm2 and Rad55. (A-C) Yeast two-hybrid analysis. PJ69-4a transformants carrying one Gal4 AD (from 
pGAD424) and one Gal4 BD (from pGBT9) derivative were replicated onto SD plates lacking certain amino acids as indicated and incubated for 3 days 
before being photographed. The same results are obtained from a reverse orientation assay. For each transformant, at least 4 independent colonies 
were taken for the functional assay and results shown in this figure contain one representative colony. (A) Physical interaction between Shu and HR 
proteins. (B) Effects of rad55 mutation on the Csm2-Rad51 interaction. (C) Effects of rac/57 mutation on the Csm2-Rad55 interaction. (D) 
Coimmunoprecipitation to detect Csm2-Rad55 interaction. Total cell extracts from WXY3515 cells bearing plasmids pGAD-Rad55 or pGAD424 were 
subject to immunoprecipitation by GFP-Trap-A beads, and the products were analyzed by western blot using an anti-Gal4 AD antibody. Relative 
amount of samples is indicated in the figure legend. 
doi:1 0.1 371 /journal.pone.0081 371 .g004 



4NQO as the rad55 single mutant (Figure 5), suggesting that this 
effect is lesion specific. 

Functional Differences between Shu and Rad55-Rad57 
Complexes 

Although both physical and genetic studies establish that Shu 
and Rad55-Rad57 act in the same error-free DDT pathway, 
phenotypic differences between the two complex mutants are also 
obvious, which may hold the key to understanding how they are 
involved in the error-free DDT pathway. To further explore 
similarities and differences between the two complexes, we 
sensitized the mms2/ubcl3, shu or rad55/rad57 single mutants with 



rev3 and then examined the ability of srs2 to suppress such 
sensitivity. As previously reported [48], the extreme sensitivity of 
the mms2 rev3 double mutant is completely suppressed by the srs2 
mutation, regardless of the source of DNA damage (Figure 6A). 
Similarly, the extreme sensitivity of the psj>3 rev3 mutant is also 
completely suppressed by the srs2 mutation under all DNA 
damage conditions (Figure 6B). In sharp contrast, the extreme 
sensitivity of the rad55 rev3 mutant is suppressed by srs2 only in 
response to IR-induced DNA damage, but not by other types of 
DNA damage (Figure 6C). 

The mms2 and rad55 mutants display comparable levels of 
sensitivity to MMS, 4NQO and UV irradiation, but the rad55 
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Control 0.005% MMS 0.04 ug/ml 4NQO SO J/m 2 UV 30 Krad y-ray 

Figure 5. Genetic interactions between srs2 and rad55 in response to different types of DNA damage. A serial dilution assay with 
different treatments shows that srs2 completely suppresses md55 ionizing radiation (IR) sensitivity but barely suppresses the sensitivity to other 
treatments. Experimental conditions were as described in Figure 1. 
doi:1 0.1 371 /journal.pone.0081 371 .g005 



mutant is much more sensitive to IR than mms2 (Figure 6D). In all 
cases, the two mutations appear to be additive, and the .srs2 
mutation suppresses the double mutant to various degrees, ranging 
from the complete suppression of IR to negligible suppression in 
MMS (Figure 6D). The above observations collectively indicate 
that the Rad55-Rad57 complex not only plays a role in error-free 
DDT, but also in DSB repair and perhaps other pathway(s) 
independent of DDT. 



The shu and rad55/rad57 Mutations do not Affect DNA 
Damage-induced PCNA Ubiquitination 

It has been well established that the Rad6-Radl8 complex is 
required for PCNA monoubiquitination at the K164 residue, and 
the Mms2-Ubcl3-Rad5 complex is required for K63-linked 
polyubiquitination at the same residue [5]. The revl, rev3 and 
rev7 mutations do not affect PCNA monoubiquitination but 
abolish TLS. To ask whether Shu and Rad55-Rad57 complexes 
function upstream or downstream of PCNA polyubiquitination, 
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Figure 6. Similarity and differences for the roles of srs2 mutation in the suppression of various mutants to DNA damage. (A) mms2 
and rev3; (B) psy3 and rev3; (C) rac/55 and rev3; and (D) mms2 and rad55. Experimental conditions were as described in Figure 1. 
doi:1 0.1 371 /journal.pone.0081 371 .g006 
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we examined the effects of individual mutations on the in vivo 
formation of PCNA ubiquitination by a western blotting analysis. 
To achieve this objective, we first raised and validated a 
monoclonal antibody against yeast PCNA for its ability to detect 
endogenous PCNA ubiquitination (Figure S3 in File SI). It was 
found that under conditions where the Pol30-K164R abolishes 
both mono- and diubiquitination (Figure 7, lane 1) and the mms2 
mutation only affects PCNA diubiquitination, (lane 4), neither 
rad55 (lane 5), rad57 (lane 6) nor csm.2 (lane 7) or psy3 (lane 8) affects 
PCNA ubiquitination. Hence, these two complexes must act 
downstream of PCNA ubiquitination. 

Discussion 

Several observations support a notion that like the Shu complex, 
the Rad55-Rad57 complex functions in the error-free lesion 
bypass pathway. Firstly, the observation that rad55 and rad57 
mutations are epistatic to the shu mutations (Figures 1, and Figure 
SI in File SI), which are known to function in the error-free DDT 
pathway, suggests that both function in the same pathway, while 
the Shu complex has been previously reported to function in the 
error-free DDT pathway [30]. Secondly, the rad55 mutation is 
synergistic to rev3, and the synergistic effect is even stronger than 
that of mms2/ubcl3-rev3 and shu-rev3 (Figure 3). This is a 
characteristic feature of error-free DDT pathway mutations 
[30,35,37]. Thirdly, the rad55 and rad57 mutants also display a 
icEK?-dependent increase in spontaneous mutagenesis (Figure 2), 
another characteristic feature of error-free DDT mutants [30,35]. 
Finally, the physical interaction between Csm2 and Rad55 
(Figure 4) bridges the above two complexes into one mega- 
complex and provides a mechanistic link from error-free DDT to 
HR. 

Unlike the mms2, ubcl3 or rad5 mutations, the rad55/rad57 or shu 
mutations do not affect MMS-induced PCNA polyubiquitination 
at the K164 residue (Figure 7), indicating that the two complexes 
function downstream of PCNA polyubiquitination, reminiscent of 
the relationship between TLS and PCNA monoubiquitination. 
The two complexes must act together to couple error-free DDT to 




PCNA-Ub 2 
PCNA-Ub 

PCNA 



1 2 3 4 5 6 7 8 



Figure 7. Detection of PCNA ubiquitination by western 
blotting. Overnight cultures were subcultured until the cell concen- 
tration reached approximately 1x10 7 cells/ml; cultures were then 
treated with 0.05% MMS for 90 min. Total cell extracts obtained under 
denaturing conditions were analyzed by western blotting using an in- 
house-made anti-PCNA monoclonal antibody. Strains used were 
HKY578-10A (wild-type) and its isogenic derivatives as listed in 
Supplementary Table SI. PCNA-Ub and PCNA-Ub 2 refer to the 
monoubiquitinated and diubiquitinated PCNA, respectively. The s/z! 
mutation was used to eliminate endogenous SUMO modification of 
PCNA, which occurs in both MMS-treated and untreated conditions [5,9] 
and co-migrates with diubiquitinated PCNA (data not shown). An 
asterisk indicates a nonspecific band. 
doi:1 0.1 371 /journal.pone.0081 371 .g007 



HR for the bypass of replication-blocking lesions. Based on the 
phenotypic differences between shu and rad55/rad57 mutants, we 
further argue that the Shu complex acts upstream of the Rad55- 
Rad57 complex in this process. Firstly, the rad55/rad57 mutant is 
more sensitive to DNA damage than the shu mutant and rad55/ 
rad57 is completely epistatic to shu (Figures 1 , and Figure S 1 in File 
SI), suggesting that Shu is an accessory factor for the Rad55- 
Rad57 complex. Secondly, the shu mutant behaves more like the 
mms2l uhcl3 mutant than the rad55/ rad57 mutant, while the rad55/ 
rad57 mutant is more like the hr mutant than the shu mutant. Most 
striking is that unlike the rad55 1 rad5 7 mutant, neither mms2 nor shu 
mutant displays noticeable sensitivity to y-rays under our 
experimental conditions (Figure 6). Finally, although both mms2 
[48] and shu [30] sensitivities were completely suppressed by the 
srs2 mutation (Figure 6), the [42] srs2 mutation only completely 
suppressed the y-ray sensitivity of rad55, but not sensitivity to other 
types of DNA damage (Figure 5). Since DNA damage induced by 
y-rays is mainly repaired by HR while damage induced by UV, 
4NQO and MMS is largely considered replication blocks, the 
above observations further reinforce the notion that Shu and 
Rad55-Rad57 work together at the stalled replication site to 
recruit HR for an error-free lesion bypass using newly synthesized 
sister chromatid as a template. Such a model is illustrated in 
Figure 8, in which the Shu complex is thought to be recruited to 
the forked or 3' overhang DNA [42], where it facilitates Rad51- 
ssDNA filament formation. This may be achieved by displacing 
RPA [23], antagonizing Srs2 [27], recruiting the Rad55-Rad57 
complex [42] and/or stabilizing the Rad51-ssDNA filament 
formation [49]. 

Both Shu [27] and Rad55-Rad57 [24] complexes have been 
implicated in the inhibition of Srs2 activity. The above model does 
not elucidate how the inhibition is achieved. Our observations 
indicate that the srs2 mutation effectively suppresses all shu mutants 
regardless of the type of DNA damage (Figure 6). On the other 
hand, there are at least two modes of genetic interactions between 
rad55/rad57 and srs2. For IR-induced DNA damage, srs2 
completely suppresses rad55/rad57 phenotypes, confirming the 
anti-Srs2 activity of Rad55-Rad57 [24]. For MMS- or 4NQO- 
induced DNA damage, srs2 does not suppress the rad55 mutant 
phenotypes in a wild type or rev3 background (Figure 5). We argue 
that the above different modes of genetic interaction are due to 
dealing with different type of DNA lesions, namely DSB vs. stalled 
replication. 

While this research was in progress, Bernstein and colleagues 
reported the physical interaction between Csm2 and Rad55, and 
the epistatic relationship of the two complex mutations [42]. While 
our results support some of the above report, our interpretation 
based on additional observations is that the interactions between 
the two Rad51 paralogues mainly deal with stalled replication 
forks instead of DSBs. In particular, the striking synergistic 
interaction between rad55/rad57 and rev3 in terms of DNA damage 
response, and the Rev3-dependent increase in spontaneous 
mutagenesis have to be explained. Since TLS does not readily 
bypass DSBs, the explanation we favor is a common substrate such 
as a stalled replication fork in front of a replication lesion (Figure 8). 

Materials and Methods 

Media and Strains 

The yeast strains used in this study are listed in Table S 1 of File 
SI. All the strains used were generated from DBY747, HK578 or 
BY4741 backgrounds. All of the BY4741 single mutant derivatives 
were created by the Saccharomyces Genome Deletion Project 
Consortium and purchased from Research Genetics (Invitrogen, 
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Figure 8. A working model illustrating the coordinated 
activities of Shu and Rad55-Rad57 complexes in the error-free 
bypass of replication-blocking lesions. When a replication fork 
encounters a replication block, PCNA can be polyubiquitinated, which 
recruits the Shu complex and in turn recruits Rad55-Rad57 through the 
Csm2-Rad55 physical interaction. Both complexes facilitate RadSI- 
ssDNA filament formation and promote template switching for error- 
free lesion bypass. Note that this diagram does not illustrate how the 
two complexes antagonize Srs2 activity. Also not illustrated is that an 
alternative solution to the stalled replication fork is through PCNA 
monoubiquitination and TLS. 
doi:1 0.1 371 /journal.pone.0081 371 .g008 

Carlsbad, CA, USA). Other gene deletion mutants were created 
by a single-step gene disruption method [50] using synthetic 
oligonucleotides or disruption cassettes designed in-house, or 
combined through crossing isogenic single mutant strains. All the 
gene deletion strains were confirmed by genomic PCR prior to 
functional characterization. 

Yeast extract/peptone/dextrose (YPD) medium and SD medi- 
um supplemented with required amino acids were used to culture 
yeast cells [51]. Yeast transformation was carried out following a 
modified lithium acetate method [52]. 

Yeast Two-hybrid Analysis 

Plasmids containing SHU genes for the yeast two-hybrid (Y2H) 
assay are as previously described [30]. All the other Y2H plasmids 
were constructed by cloning ORFs of each gene into pGBT9 
(Gal4 BD ) or pGAD424 (Gal4 AD ). Y2H plasmids were transformed 
into PJ69-4a [53] in pairs and allowed to grow at 30°C for 2-3 



days. Transformants were scored for growth on selective media, 
followed by phenotypic characterization. 

Coimmunoprecipitation 

The 3xFlag-His6-EGFP sequence from plasmid pGFP(S65T)- 
3F6H/TADH1/URA3 [54] was integrated at 3' end of the 
chromosomal CSM2 ORF in the yeast strain BY4741 to express a 
Csm2-yEGFP protein. Plasmid pGAD-Rad55 or an empty vector 
pGAD424 was transformed into the resulting strain (Table SI in 
File SI). Confirmed transformants were cultured overnight at 
30°C followed by subculture until logarithmic phase, when total 
proteins were extracted in a lysis buffer (Novagen YeastBuster 
Protein Extraction Reagent, Cat. 711 86) and incubated with GFP- 
Trap®A (gta-20, ChromoTek) overnight. Beads were boiled with a 
5x loading buffer for 5 min and then washed three times with the 
lysis buffer. The input and the coimmunoprecipitated proteins 
were detected by western blotting with an anti-Gal4Arj antibody 
(630402, Clontech). 

Testing the Sensitivity to DNA-damaging Treatments 

The gradient plate assay and serial dilution assays were carried 
out as previously described [55]. The MMS-induced liquid killing 
assay followed the protocol previously used [56]. Cells were 
inoculated into YPD and cultured at 30°C overnight. A 
predetermined volume of MMS was added to the liquid culture 
and incubation continued until cells were washed and harvested by 
centrifugation, followed by plating on YPD. The number of 
colonies was counted after a 3-day incubation. 

Spontaneous Mutagenesis Assay 

The spontaneous mutagenesis rate was reflected by the reverse 
mutation rate of the trpl-289 allele in the DBY747 strain. This 
method is a modified Luria and Delbruck fluctuation test, as 
previously described [35]. 

Detection of PCNA Ubiquitination 

The method used to detect PCNA ubiquitination in this study 
was adapted from a previous report [57]. Cells were cultured in 
YPAD (YPD +20 mg/mL Ade) overnight and then diluted to 0.3 x 
10 7 cells/mL in 100 mL YPAD and continue incubating in 30°C 
for 2 hours. Cultures were then treated with 0.05% MMS for 90 
minutes. 20 mL of the culture was harvested by centrifugation and 
immediately frozen in liquid nitrogen for 10 minutes. After 
resuspension in N-ethylmaleimide (NEM) plus phenylmethylsulfo- 
nyl fluoride (PMSF), the cells were lysed with NaOH plus 7.5% |3- 
mercaptoethanol, and then precipitated with trichloracetic acid. 
The pellet was resuspended in HU buffer (8 M Urea, 5% SDS, 
200 mM Tris-HCL pH 6.8, 1 mil EDTA, 0.025% bromophenol 
blue, 1.5% DTT, 25 mM NEM, 1 mM PMSF, and 0.5% triton- 
X-100) and then denatured by heating. Laemmli sample buffer 
(Bio-Rad) was added to the sample, which was then frozen 
overnight before SDS-PAGE and western blotting. In-house-made 
Pol30 monoclonal antibodies were used in the western-blot assay. 

Supporting Information 

File SI Figure SI Epistasic relationship between sha 
and rad55/57, as shown by a gradient plate assay. 
Figure S2 Genetic relationships between mms2, rev3 
and HR gene mutations. Figure S3 Control experimental 
data to confirm anti-PCNA antibody and detection of 
PCNA ubiquitination. Table SI S. cerevisiae strains. 
(DOCX) 



PLOS ONE | www.plosone.org 



7 



December 2013 | Volume 8 | Issue 12 | e81371 



Interactions between Shu and Rad55-Rad57 Complexes 



Acknowledgments 

We wish to thank Susan Blackwell for technical assistance and other Xiao 
laboratory members for helpful discussion. 



References 

1. Andersen PL, Xu F, Xiao W (2008) Eukaryotic, DNA damage tolerance and 
translcsion synthesis through covalcnt modifications of PCNA. Cell Res 18: 162— 
173. 

2. Prakash L (1981) Characterization of postreplication repair in Saccharomyces 
cerevisiae and effects ot'rad6, radlS, rev3 and rad52 mutations. Mol Gen Genet 184: 
471-478. 

3. Prakash S, Sung P, Prakash L (1993) DNA repair genes and proteins of 
Saccharomyces cerevisiae. Annu Rev Genet 27: 33-70. 

4. Broomficld S, Hryciw T, Xiao W (2001) DNA postreplication repair and 
mutagenesis in Saccharomyces cerevisiae. Mutat Res 486: 167-184. 

5. Hoege C, Pfander B, Moldovan GL, Pyrowolakis G, Jcntsch S (2002) RAD6- 
dependent DNA repair is linked to modification of PCNA by ubiquitin and 
SUMO. Nature 419: 135-141. 

6. Moldovan GL, Pfander B, Jcntsch S (2007) PCNA, the maestro of the replication 
fork. Cell 129: 665-679. 

7. Nelson JR, Lawrence CW, Hinkle DC (1996) Thymine-thymine dimcr bypass 
by yeast DNA polymerase £. Science 272: 1646-1649. 

8. Nelson JR, Lawrence CW, Hinkle DC (1996) Deoxyeytidyl transferase activity of 
yeast REV1 protein. Nature 382: 729-731. 

9. Stclter P, Ulrieh HD (2003) Control of spontaneous and damage- induced 
mutagenesis by SUMO and ubiquitin conjugation. Nature 425: 188-191. 

10. Zhang W, Qin Z, Zhang X, Xiao W (201 1) Roles of sequential ubiquitination of 
PCNA in DNA-damage tolerance. FEBS Lett 585: 2786-2794. 

11. Li Z, Xiao W, McCormickJJ, Maher VM (2002) Identification of a protein 
essential for a major pathway used by human cells to avoid UV- induced DNA 
damage. Proc Natl Acad Sei USA 99: 4459-4464. 

12. Zhang H, Lawrence CW (2005) The error-free component of the RAD6/RAD18 
DNA damage tolerance pathway of budding yeast employs sister-strand 
recombination. Proc Nad Acad Sci USA 102: 15954-15959. 

13. Shinohara A, Ogawa H, Ogawa T (1992) Rad5 1 protein involved in repair and 
recombination in S. cerevisiae is a RecA-like protein. Cell 69: 457—470. 

14. Haaf T, Golub EI, Reddy G, Radding CM, Ward DC (1995) Nuclear foci of 
mammalian Rad51 recombination protein in somatic cells after DNA damage 
and its localization in synaptoncmal complexes. Proc Natl Acad Sci USA 92: 
2298-2302. 

15. New JH, Sugiyama T, Zaitseva E, Kowalczykowski SC (1998) Rad52 protein 
stimulates DNA strand exchange by Rad51 and replication protein A. Nature 
391: 407-410. 

16. Shinohara A, Ogawa T (1998) Stimulation by Rad52 of yeast Rad5 1 -mediated 
recombination. Nature 391: 404-407. 

17. Benson FE, Baumann P, West SC (1998) Synergistic actions of Rad51 and 
Rad52 in recombination and DNA repair. Nature 391: 401-404. 

18. Pfander B, Moldovan GL, Sachcr M, Hoege C, Jcntsch S (2005) SUMO- 
modificd PCNA recruits Srs2 to prevent recombination during S phase. Nature 
436: 428-433. 

19. Papouli E, Chen S, Davies AA, Huttner D, Krejci L, et al. (2005) Crosstalk 
between SUMO and ubiquitin on PCNA is mediated by recruitment of the 
helicase Srs2p. Mol Cell 19: 123-133. 

20. Rong L, Palladino F, Aguilera A, Klein HL (1991) The hyper-gene conversion 
hpr5-l mutation of Saccharomyces cerevisiae is an allele of the SRS2/RADH gene. 
Genetics 127: 75-85. 

21. Krejci L, Van Komen S, Li Y, Villemain J, Reddy MS, et al. (2003) DNA 
helicase Srs2 disrupts the Rad51 presynaptic filament. Nature 423: 305-309. 

22. Veautc X, JcussetJ, Soustelle C, Kowalczykowski SC, Le Cam E, et al. (2003) 
The Srs2 helicase prevents recombination by disrupting Rad5 1 nuclcoprotein 
filaments. Nature 423: 309-312. 

23. Sung P (1997) Yeast Rad55 and Rad57 proteins form a hetcrodimer that 
functions with replication protein A to promote DNA strand exchange by Rad5 1 
rccombinase. Genes Dcv 11: 1111-1121. 

24. Liu J, Renault L, Veaute X, Fabre F, Stahlbcrg H, et al. (2011) Rad51 
paralogucs Rad55-Rad57 balance the antirecombinasc Srs2 in Rad51 filament 
formation. Nature. 

25. She Z, Gao ZQ, Liu Y, Wang WJ, Liu GF, ct al. (2012) Structural and SAXS 
analysis of the budding yeast SHU-complex proteins. FEBS Lett 586: 2306- 
2312. 

26. Tao Y, Li X, Liu Y, Ruan J, Qi S, et al. (2012) Structural analysis of Shu 
proteins reveals a DNA binding role essential for resisting damage. J Biol Chem 
287: 20231-20239. 

27. Bernstein KA, Reid RJ, Sunjevaric I, Demuth K, Burgess RC, et al. (201 1) The 
Shu complex, which contains Rad51 paralogues, promotes DNA repair through 
inhibition of the Srs2 anti-recombinase. Mol Biol Cell 22: 1599-1607. 

28. Shor E, Gangloff S, Wagner M, WeinsteinJ, Price G, et al. (2002) Mutations in 
homologous recombination genes rescue top3 slow growth in Saccharomyces 
cerevisiae. Genetics 162: 647-662. 



Author Contributions 

Conceived and designed the experiments: XX WX. Performed the 
experiments: XX LB WC XT AL MH. Analyzed the data: XX WX. 
Wrote the paper: XX WX. 



29. Shor E, WeinsteinJ, Rothstein R (2005) A genetic screen for top3 suppressors in 
Saccharomyces cerevisiae identifies SHU1, SHU2, PST3 and CSM2: four genes 
involved in error-free DNA repair. Genetics 169: 1275—1289. 

30. Ball LG, Zhang K, Cobb JA, Boone C, Xiao W (2009) The yeast Shu complex 
couples error-free post-replication repair to homologous recombination. Mol 
Microbiol 73: 89-102. 

31. Ito T, ChibaT, Ozawa R, Yoshida M, Hattori M, et al. (2001) A comprehensive 
two-hybrid analysis to explore the yeast protein interactome. Proc Natl Acad Sci 
USA 98: 4569-4574. 

32. LemonttJF (1971) Mutants of yeast defective in mutation induced by ultraviolet 
fight. Genetics 68: 21-33. 

33. Lawrence CW, Christensen R (1976) UV mutagenesis in radiation-sensitive 
strains of yeast. Genetics 82: 207-232. 

34. Johnson RE, Henderson ST, Petes TD, Prakash S, Bankmann M, et al. (1992) 
Saccharomyces cerevisiae A4£)J-ciicodcd DNA repair protein contains DNA helicase 
and zinc -binding sequence motifs and affects the stability of simple repetitive 
sequences in the genome. Mol Cell Biol 12: 3807-3818. 

35. Broomficld S, Chow BL, Xiao W (1998) A1MS2, encoding a ubiquitin- 
conjugating-enzyme- like protein, is a member of the yeast error-free 
postreplication repair pathway. Proc Natl Acad Sci USA 95: 5678-5683. 

36. Brusky J, Zhu Y, Xiao W (2000) UBC13, a DNA-damage-inducible gene, is a 
member of the error-free postreplication repair pathway in Saccharomyces cerevisiae. 
Curr Genet 37: 168-174. 

37. Xiao W, Chow BL, Fontanie T, Ma L, Bacchctri S, et al. (1999) Genetic 
interactions between error-prone and error-free postreplication repair pathways 
in Saccharomyces cerevisiae. Mutat Res 435: 1—11. 

38. Firmenich AA, Elias-Arnanz M, Berg P (1995) A novel allele of Saccharomyces 
cerevisiae RI'Al that is deficient in recombination and repair and suppressiblc by 
RAD52. Mol Cell Biol 15: 1620-1631. 

39. Hays SL, Firmenich AA, Berg P (1995) Complex formation in yeast double- 
strand break repair: participation of Rad51, Rad52, Rad55, and Rad57 
proteins. Proc Natl Acad Sci USA 92: 6925-6929. 

40. Uetz P, Giot L, Cagney G, Mansfield TA, Judson RS, et al. (2000) A 
comprehensive analysis of protein-protein interactions in Saccharomyres cerevisiae. 
Nature 403: 623-627. 

41. Jiang H, Xic Y, Houston P, Stemkc-Hale K, Mortensen UH, et al. (1996) Direct 
association between the yeast Rad51 and Rad54 recombination proteins. J Biol 
Chem 271: 33181-33186. 

42. Godin S, Wier A, Kabbinavar F, Bratton-Palmer DS, Ghodkc H, et al. (2013) 
The Shu complex interacts with Rad51 through the Rad51 paralogues Rad55— 
Rad57 to mediate error-free recombination. Nucleic Acids Res 41: 4525-4534. 

43. Lawrence CW, Christensen RB (1979) Metabolic suppressors of trimethoprim 
and ultraviolet light sensitivities of Saccharomyces cerevisiae rad6 mutants. J Baeteriol 
139: 866-876. 

44. Schiesd RH, Prakash S, Prakash L (1990) The SRS2 suppressor of rad6 mutations 
of Saccharomyces cerevisiae acts by channeling DNA lesions into the RAD52 DNA 
repair pathway. Genetics 124: 817—831. 

45. Gangloff S, Soustelle C, Fabre F (2000) Homologous recombination is 
responsible for cell death in the absence of the Sgsl and Srs2 hclicases. Nat 
Genet 25: 192-194. 

46. MeVcy M, Kaebcrlein M, Tissenbaum HA, Guarentc L (2001) The short life 
span of Saccharomyces cerevisiae sgsl and srs2 mutants is a composite of normal 
aging processes and mitotic arrest due to defective recombination. Genetics 157: 
1531-1542. 

47. Martin V, Chahwan C, Gao H, Blais V, Wohlschlegel J, et al. (2006) Swsl is a 
conserved regulator of homologous recombination in eukaryotic cells. EMBO J 
25: 2564-2574. 

48. Broomficld S, Xiao W (2002) Suppression of genetic defects within the RAD6 
pathway by srs2 is specific for error-free post-replication repair but not for 
damage-induced mutagenesis. Nucleic Acids Res 30: 732-739. 

49. Sasanuma H, Tawaramoto MS, LaoJP, Hosaka H, Sanda E, et al. (2013) A new 
protein complex promoting the assembly of Rad5 1 filaments. Nature 
communications 4: 1676. 

50. Rothstein RJ (1983) One-step gene disruption in yeast. Methods Enzymol 101: 
202-211. 

51. Sherman F, Fink G.R. Hicks J (1983) Methods in Yeast Genetics Cold Spring 
Harbor, NY: Cold Spring Harbor Laboratory Press. 

52. Ito H, Fukuda Y, Murata K, Kimura A (1983) Transformation of intact yeast 
cells treated with alkali cations. J Baeteriol 153: 163-168. 

53. James P, Halladay J, Craig EA (1996) Genomic libraries and a host strain 
designed for highly efficient two-hybrid selection in yeast. Genetics 144: 1425- 
1436. 

54. Deng C, Xiong X, Krutchinsky AN (2009) Unifying fluorescence microscopy 
and mass spectrometry for studying protein complexes in cells. Molecular Cell 
Proteom 8: 1413-1423. 



PLOS ONE | www.plosone.org 



8 



December 2013 | Volume 8 | Issue 12 | e81371 



Interactions between Shu and Rad55-Rad57 Complexes 



55. Barbour L, Ball LG, Zhang K, Xiao W (2006) DNA damage checkpoints are 57. Knop M, Siegers K, Pereira G, Zachariae W, Winsor B, et al. (1999) Epitope 
involved in postreplication repair. Genetics 174: 1789-1800. tagging of yeast genes using a PGR-based strategy: more tags and improved 

56. Xiao W, Chow BL, Rathgeber L (1996) The repair of DNA methylation damage practical routines. Yeast 15: 963-972. 
in Saccharomyces cereuisme. Curr Genet 30: 461-468. 



PLOS ONE | www.plosone.org 



9 



December 2013 | Volume 8 | Issue 12 | e81371 



